Summary We have shown by 3'P-NMR spectroscopy that ovariectomy, in N-methyl-N-nitrosourea induced mammary adenocarcinomas, increases signals from phosphocreatine (PCr) relative to nucleoside triphosphate (NTP) before measurable regression (2 days) and for at least a further 13 days. The present study correlates the NMR changes with histological changes in the regressing tumour. Mammary tumours were examined by NMR before, and 2 and 14 days after, ovariectomy or sham-ovariectomy. Sections were taken from five tumours at each time point after operation for histology and for immunocytochemical staining of myoepithelial cells, luminal cells and basement membrane material. The histology showed typical cribriform papillary type mammary adenocarcinomas. The luminal cell population had a high mitotic activity and there was a prominent myoepithelial layer. At 2 days post-ovariectomy no significant change in mitotic activity was observed and no cytological characteristics attributable to ovariectomy could be seen. At 14 days postovariectomy the tumour was indistinguishable from a tubular adenoma, had significantly reduced mitotic activity, a relative increase in myoepithelial cells and basement membrane material. The changes detected by NMR must reflect early metabolic events, perhaps related to the histological changes observed at 14 days after ovariectomy. 31P-NMR spectroscopy may permit early monitoring of endocrine therapy for mammary cancer.
3'P-NMR is a non-invasive technique that can be used for monitoring the energetics of tumours in situ either in animals or in patients. Among other metabolities it detects the high energy phosphate compounds, nucleoside triphosphate (NTP) and phosphocreatine (PCr) and their breakdown product, inorganic phosphate (Pi). Most therapeutic modalities, including chemotherapy (Evanochko et al., 1984; Steen et al., 1988) and irradiation (Tozer et al., 1989) , perturb the energy metabolism of tumours. We have previously shown that in the untreated N-methyl-N-nitrosourea (NMU) induced mammary tumour, high energy phosphates are lost with increasing tumour size , a change that has been seen in other animal tumours (Ng et al., 1982) . Ovariectomy in animals bearing NMU induced mammary adenocarcinomas caused the phosphorous metabolite ratios (PCr/ NTP, PCr/Pi and NTP/Pi) to increase . These increases may be analogous to a similar rise that has been observed after chemotherapy (Ng et al., 1982 , Steen et al., 1988 . The underlying mechanism of both these changes is unclear. In particular, do they reflect alterations in cell populations (infiltration by host cells, replacement of one tumour cell type by another etc.) or are they predominantly due to alterations in the metabolism of the cells that were present at the start of therapy? It seems clear that changes in cell populations must, at least in some cases, cause changes in the NMR spectrum, but these changes would probably take several days. If metabolic alterations in the original cancer cells can also change tumour high energy phosphates then NMR might be able to detect the response of the tumour to therapy well before any macroscopic or histological effect was evident. NMR could then be used to give a non-invasive test of tumour response to therapy much more rapidly than any orthodox clinical or pathological method. In principle, the response (or lack of response) of a patient to endocrine therapy (or chemotherapy) might be evident within a few days of the first dose, whereas tumour regression or continued growth is often not apparent for several weeks. In the case of mammary carcinomas, only about one-third of human tumours respond to endocrine therapy so a rapid non-invasive test could have considerable practical significance.
Our previous studies have shown that a significant increase in the phosphorous metabolite ratios occurs within 2 days of ovariectomy in rat NMUinduced mammary tumours, before any significant regression is evident. In the present study we have compared the histological changes in 20 similar tumours after ovariectomy or sham-ovariectomy with changes in the 31P-NMR spectra of the tumours. Tumours were studied at 2 days post-operation, when ovariectomy had caused a significant NMR change but no regression, and at 14 days post-operation, when we had found both NMR changes and significant regression.
Materials and methods
Oestrogen sensitive mammary tumours were induced in female virgin Ludwig/Wistar/Olac rats (Olac 1976 Limited, Oxon, UK) essentially by the method described in Williams et al. (1981) . The animals were kept at 19°C in isolators with a photo period of 12 h per day. They were fed CRM diet (Labshore, Croydon, UK) and received water ad libitum. NMU (Sigma Chemical Co., Poole, Dorset, UK) was dissolved in distilled water at 12.5 mg ml-' and adjusted to pH 5.4 with acetic acid. Fifty-day-old rats were given three doses of NMU (50 mgkg-' body weight) at 2-weekly intervals. They were then transferred to our animal house where they were was used to delineate the luminal cells in the rat breast.
The antiserum was used at a dilution of 1:200.
Histological sections
Of the tumours used in this study five from each of the four groups (i.e. 2 and 14 day post-sham operation or postovariectomy) were cut into 2-3 mm slices and fixed in modified methacarn (Mitchell et al., 1985) (Russo et al., 1989a) and as described in detail in the International Life Sciences Monograph (Russo et al., 1989b) .
Mitotic index
In each slide fields were selected at random using a x 40 objective. Fields in which epithelial cells occupied more than 50% of the area were included for counting of mitotic figures. The total number of epithelial cell nuclei and mitotic figures were counted in each field. Ten fields were screened on each slide and the mitotic index calculated. Some 3,000-6,000 cells were counted per tumour.
Immunocytochemistry
Wax-embedded 5 jAm thick sections were de-waxed in xylene and then passed through a graded series of alcohols to water. Protease digestion when required involved a 15 min incubation at 37°C, with 4mg 100ml-' of pronase (CalbiochemBehring) in phosphate buffered saline (PBS). Endogenous peroxidase was blocked by soaking the slides in 0. 1% phenylhydrazine hydrochloride in PBS for 5 min at room temperature. Antibodies were made up in PBS (pH 7.4) containing 0.5% (w/v) bovine serum albumin (BSA; Sigma) and incubation was allowed to proceed for 1 h at room temperature for each antibody. An indirect peroxidase technique was used as previously described (Dubois et al., 1987) . The secondary antibody for the rabbit polyclonal antiserum was a peroxidase conjugated swine or goat anti-rabbit IgG (Dakopatts, High Wycombe, Bucks., UK) used at 1:25 dilution. The chromagen used was diaminobenzidine tetrahydrochloride (Sigma). All sections were counterstained with Meyer's haematoxylin. Non-specific staining by the secondary antibody was controlled by omitting the primary antibody. The specificity was confirmed by prior absorption of the antibody with purified antigen (1 mg ml-' for 1.5 h at room temperature) (Gusterson et al., 1982) .
Antibodies
Keratin This antiserum, which was raised in rabbits against human callus keratin, strongly stains normal breast myoepithelial cells in methacarn fixed paraffin embedded sections after protease digestion . The antiserum was used at a dilution of 1:100. Actin This polyclonal rabbit antiserum was produced by inoculating rabbits with actin extracted and purified for denatured chicken gizzard actin (Bussolati et al., 1980) . This antiserum was used at a dilution of 1:100 and was a gift from Dr J. Couchman (Unilever Research, UK).
Results and discussion NMR data NMR spectra were collected on each of 15 tumours the day before ovariectomy or on each of five tumours before sham operation took place. A representative spectrum taken the day before treatment is shown in Figure la and a spectrum from the same animal collected 14 days after ovariectomy in Figure lb . The increase in the PCr signal relative to NTP can be clearly seen. No such effect was seen in the sham operated animals. There is the possibility that some of the NMR signal in subcutaneously implanted animal tumours comes from the overlying skin as well as from the tumours (Stubbs et al., , 1989 . However, the proportion of signal coming from overlying tissues is dependent among other things on the size of animal and on the site of tumour growth (Stubbs et al., 1989) . These particular tumours have grown up in sites associated with mammary tissue, i.e. ventral, and in relatively small rats (200-230 g) where the contribution from skin is minimal. A control experiment where a glass spherical phantom was implanted into the site of an excised regressing tumour also suggested there was no significant contribution from surrounding tissues.
Because of the heterogeneity of chemically induced tumours we have analysed the NMR spectra comparing the 2 and 14 day post-ovariectomy or sham data with their own controls (i.e. spectra taken 1 day before operation, see Table   I ). Before ovariectomy the PCr/PNTP ratios in the treated groups and in the smaller sham-operated group were very similar (Table I) The ratios were calculated from integrals of peak areas from the NMR spectra. Because of the heterogeneity of chemically induced tumours the results are expressed as mean ± s.e.m. at each time point compared to the appropriate control group, i.e. I day before operation result. There were 15-16 animals in each of the ovariectomy groups and 3 -4 animals in the sham groups. *P < 0.02, **P < 0.001 compared to I day before. Table II ). One of these was a fibroadenoma and another consisted predominantly of normal lymph nodes (numbers 9 and 12 respectively). Table II .) Within the typical adenocarcinomas both antibodies to actin and keratin (Figure 2b ) defined a fragmented but very definite myoepithelial layer. This myoepithelial population was adjacent to a clearly defined basal lamina as demonstrated with the anti-laminin antibody (Figure 2c ). Within the tumours the luminal cell population was usually stratified with a high mitotic activity (0.20±0.061%, n= 5 and 0.136±0.052%, n = 5 in the 2-and 14-day sham operated respectively) and prominent nucleoli. In some areas, where very clearly defined luminal structures were formed, the myoepithelial layer was very prominent (Figure 2b ).
Two days post-ovariectomy
In four of the tumours (number 9 was eliminated from the study as it was a fibroadenoma) typical cribriform/papillary adenocarcinoma was present with focal necrosis. There were no features seen on either the haematoxylin/eosin stained 3P-NMR AND HISTOLOGY OF RAT MAMMARY TUMOURS 261 sections or using immunocytochemistry, which could be attributed to the ovariectomy either in cytological characteristics or in overall architecture (see Figure 2d) . However, the mitotic index at 0.076±0.039% (n = 5) was decreased compared to the 2-day sham group (0.20±0.061%) although this difference was not significant (P>0.1).
Fourteen days post-ovariectomy There was a striking change in the morphology of these tumours after ovariectomy, all of them being indistinguishable from typical tubular adenomas (Figure 2e) (Figure 2g ).
This was a very striking feature in all of the tumours.
The changes described here in relation to ovariectomy are similar to those that were previously reported by Young and Hallowes (1976) and more recently by Lancaster et al. (1988) . A number of points should be noted. These tumours are heterogeneous in terms of the two cell populations which are present. This is unlike human breast carcinomas, where the current evidence strongly suggests that they are derived from the luminal cell population (Gusterson et al., 1982) . It is therefore essential to distinguish between antigenic heterogeneity, as seen in human breast cancer, and heterogeneity of the type seen in rat tumours where there are two cell populations. This raises questions concerning the relevance of the rat model for certain biological studies although the model is very useful to assess hormone responsiveness, whether due to ovariectomy or chemical manipulation. There are a number of changes in the tumours which can be associated with ovariectomy. These are a reduction in the hyperplastic nature of the malignant luminal cell population and cytological differences in this population postovariectomy which are caused by a reduction in the amount of cytoplasm. The loss of cytoplasmic ratio after ovariectomy is due to a change in the secretory activity of these cells. There is also an obvious reduction in the number of mitotic figures seen after ovariectomy. The striking increase in basement membrane material is an interesting observation which is worthy of further study.
The identification microscopically of tumours other than adenocarcinomas indicates the importance of histological examination in any studies where correlations between tumour behaviour and treatment are being considered, especially in chemically induced tumours. The absence of histological changes in the tumours at 2 days postovariectomy (when no detectable regression had occurred)
suggests that the early NMR changes are due to alterations in the metabolism of the tumour cells. This is consistent with a hypothesis that we have previously put forward . The steady fall in the high energy phosphate (i.e. PCr and NTP) peaks in the spectrum of an untreated tumour suggests that these tumours outgrow their blood supply, a common phenomenon in animal tumours. When oestrogens are withdrawn from an oestrogen-dependent mammary tumour, cellular growth ceases and the tumour's requirements for oxygen and other nutrients are greatly reduced. Removing the drive to growth would allow the cellular energy reserves to be repleted and thus lead to the paradoxical improvement in the high energy phosphate status of a tumour that is about to regress. These metabolic changes probably also reflect the early events related to the decrease in mitoses and luminal cell population and the increase in basement membrane material observed at 14 days postovariectomy.
